The forecasted energy production of oil sands operations in Alberta in the year 2030 were optimised under CO 2 emissions constraints, using a mixed integer linear optimisation model. The model features a variety of technologies (with and without CO 2 capture), including coal and natural gas power plants, IGCC, and oxyfuel plants. Hydrogen production technologies are steam methane reforming and coal gasification. The optimization is executed at increasing CO 2 emissions reduction levels, yielding unique infrastructures that satisfy the energy demands of the oil sands industry at minimal cost. The economic and environmental impacts of the optimally chosen technologies on the forecasted operations of the oil sands industry in 2030 are thus determined.
Introduction
Canada's remaining (recoverable) oil reserves have been established at 28.2 billion m 3 (178 billion barrels). Bitumen from oil sands amounts to 27.5 billion m 3 (173 billion barrels) whereas conventional oil makes up the rest [1] . Accordingly, Canada now ranks second in the world, behind Saudi Arabia, in terms of oil reserves [2] . The development of new oil sands projects has risen drastically over the last decade. The latest estimate from the Canadian National Energy Board anticipates that by 2030, daily oil sands production could reach nearly 5 million barrels [1] . Current production is approximately 1.2 million barrels of bitumen and synthetic crude oil (SCO).
The large expansion in oil sands operations has a direct and severe impact on the energy demands in the province of Alberta. Our previous research revealed that the energy intensity of SCO production ranges from 1.5 to 2 GJ/bbl [3] . Extracting and upgrading bitumen to SCO consumes between 26% and 36% of the energy content of bitumen. These processes require large amounts of energy in the form of steam, hot water, hydrogen, power, process heat, and diesel fuel. These commodities are typically produced from fossil fuels, yielding substantial CO 2 emissions. As an example, we estimated that in 2003, the CO 2 emissions from oil sands operations totalled 19.7 million tonnes. The combined emissions from hydrogen and power production accounted for 40% of the overall CO 2 production [3] .
Carbon Capture and Storage (CCS) technology is recognised as an essential element in Canada's overall CO 2 mitigation plans. Within the oil sands industry, the application of CCS technology is primarily focused on hydrogen and power plants, as they are large point sources of relatively high concentrations of CO 2 . A major challenge with implementing this strategy, however, is the need to limit the cost increases associated with energy production once CCS is implemented. These costs are a function of the technologies and fuels used for energy production, their associated costs, and the magnitude/composition of the energy demands in the oil sands industry.
Developing a sound CO 2 mitigation strategy for the oil sands industry requires an optimal mechanism to integrate the current knowledge of CCS and energy production technologies in the context of bitumen extraction and upgrading operations in Alberta. We propose that the above can be accomplished by applying a process systems engineering approach, making extensive use of process modelling and optimization of the oil sands operations. Ultimately, this project investigates the relationships between bitumen extraction and upgrading processes, their energy requirements, CO 2 emissions, and the costs associated with energy production and CO 2 mitigation via CCS.
The primary objective of the study is the optimization of energy production for a given production level of bitumen and SCO, on an industry-wide level. Optimization in this work is defined as the minimization of all costs associated with supplying the energy required for oil sands operations, subject to specified CO 2 emissions reductions. The ultimate aim is to determine the number of energy-producing units and their types that fully meet the energy demands of the oil sands industry while simultaneously attaining target CO 2 emissions reductions. Or in other words, the identification of "optimal energy production infrastructures" that meet given CO 2 emissions constraints in the oil sands industry, for given bitumen extraction and upgrading levels.
The second objective is the quantification of financial and environmental impacts resulting from implementing the optimal energy infrastructures in the oil sands industry. The above impacts are manifested by changes in the costs of energy production and in the CO 2 emissions of the industry. In practical terms, the impacts are better expressed as unitary energy costs ($/bbl) and CO 2 emissions intensities (tonne CO 2 /bbl) in this study.
We use the EOM (Energy Optimisation Model) to optimise the forecasted energy demands of oil sands operations in Alberta in the year 2030. The demands were previously obtained using the OSOM (Oil Sands Operations Model) [4] . These models were developed in-house to study the interplay of energy demands, CO 2 emissions and costs of energy production in oil sands operations. The OSOM provides realistic estimates of energy demands for bitumen extraction and upgrading, based on commercial operations. The EOM is a robust cost estimation and optimization program that incorporates several technologies, CO 2 capture processes, and feedstocks available for energy production in the oil sands industry. Its expandable architecture and flexibility of operation enables a straightforward evaluation of alternative scenarios for energy production with CO 2 emissions constraints.
Overview of energy production optimisation using the EOM
The following is a brief synopsis of the EOM, the optimization model used in this study. More exhaustive coverage of the subject can be found elsewhere [3, 5] .
We have developed a mixed integer linear programming (MILP) model on the GAMS [6] platform. This model, which is designated the EOM (Energy Optimization Model), addresses the following problem statement:
What is the optimal combination of energy production technologies, feedstocks, and CO 2 capture processes to use in the oil sands industry that will satisfy energy demands at minimal cost while meeting CO 2 emissions reduction targets for given bitumen/SCO production levels?
The goal of the EOM is to minimize the total annual cost of producing H 2 , steam, hot water, and power for the oil sands industry, while reducing total CO 2 emissions by a given percentage. This is accomplished by selecting the types and number of power and H 2 plants that optimally satisfy demands for the above commodities in the oil sands industry. The particular combination of plants determined by the EOM for given production levels of SCO and bitumen and CO 2 reduction target is referred to as an optimal energy infrastructure.
The EOM features a number of power and hydrogen production technologies. These technologies are fully characterised in terms of their techno-economic performance. Table 1 lists all of the technologies currently supported and the studies from which the techno-economic parameters for the model are taken. 
Technology description References
Steam methane reforming (SMR) hydrogen plants without CO 2 capture [7, 8] Steam methane reforming hydrogen plants with 90% CO 2 capture via MEA [7, 8] Coal gasification hydrogen plants without CO 2 capture [9, 10] Coal gasification hydrogen plants with 90% CO 2 capture via Selexol [9, 10] Coal gasification hydrogen plants with 90% CO 2 + H 2 S co-capture via Selexol [9, 10] NGCC power plants without CO 2 capture [11] Supercritical coal power (SCPC) plants without CO 2 capture [11] IGCC power plants without CO 2 capture [12] IGCC power plants with 88% CO 2 capture via Selexol [12] IGCC power plants with 88% CO 2 + H 2 S co-capture via Selexol [12] NGCC power plants with 90% CO 2 capture via MEA [11] Supercritical coal power plants with 90% CO 2 capture via MEA [11] Natural gas oxyfuel power plants with CO 2 capture [13] Coal oxyfuel power plants with CO 2 capture [13] The energy demands of the oil sands industry in 2030 as previously calculated using the OSOM are shown in Table 2 . The OSOM is a deterministic model that was specifically developed as a source of inputs for the EOM model [3, 4] . The OSOM computes energy demands of oil sands operations, on the basis of the production rates of bitumen and SCO. The OSOM and EOM models consider the following products: a) Mined bitumen, upgraded to SCO, b) Thermal bitumen, upgraded to SCO, and c) Thermal bitumen, not upgraded.
The EOM will select the combination of hydrogen and power plants that yields the lowest overall cost, subject to CO 2 emissions constraints specified by the user. The CO 2 emissions reductions are achieved by using CO 2 -capture equipped plants. The approach is to determine the optimal energy infrastructures under increasing CO 2 emissions reductions. The reductions are expected to have a finite value, which will be determined by the EOM. A = Mined bitumen upgraded to SCO, 2 million barrels per day B = Thermal bitumen upgraded to SCO, 2 million barrels per day C = Thermal bitumen, non-upgraded, 1 million barrels per day
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Baseline costs and emissions
The goal of the EOM is to minimize the total yearly cost of supplying all the energy required to sustain oil sands operations in 2030. The objective function is thus defined as the annual costs of producing steam, hot water, hydrogen, and power, plus the cost of diesel and process fuel. Additionally, the model accounts for the cost of transporting CO 2 to sinks via on-shore pipeline and for CO 2 storage costs (measuring, monitoring and verification, MMV costs are excluded). By default, the transport distance in the EOM is set to 600 km, which corresponds to the estimated distance between oil sands plants and geological formations suitable for CO 2 storage in Alberta The costs calculated by the EOM are a function of a fair number of economic and technical parameters. The most representative economic parameters and their corresponding values for the 2030 case study are shown in Table 3 . Table 3 . Key economic parameters for EOM -year 2030. [3] * Excludes MMV (measurement, monitoring and verification) costs A necessary parameter for the optimisation is the baseline CO 2 emissions of the fleet. These are a function of the energy demands and the technologies used to produce this energy. In the case of 2030, however, only the former can be estimated, as no associated physical hydrogen and power units exist at present time. To avoid speculating which of such technologies will be used in 2030, the baseline CO 2 emissions and energy costs are determined assuming a "business as usual" (BAU) scenario. In this BAU case, the technologies and fuels currently used in the oil sands industry remain unchanged. Therefore, natural gas is used for all energy production and no CCS is applied. The advantage of using the BAU as the baseline for the optimisation is that it quantifies the impacts of inaction, both on the technologic and environmental operations of the industry. Conversely, the BAU baseline is also a good reference point to measure improvements in CO 2 intensity and energy costs associated with bitumen and SCO production.
The baseline emissions and energy costs in 2030 are calculated using the EOM by deactivating all power and hydrogen plants in the model, except for NGCC and SMR plants without capture. Hence, the assumed energy production infrastructure (non-optimal) corresponding to the year 2030 is specified. The baseline (non-optimal) energy costs calculated by the EOM for the year 2030 range from $10.1/bbl to $26.2/bbl for SCO and bitumen, respectively. All the costs in this work are given in 2007 USD. The baseline CO 2 emissions of the oil sands industry in 2030 are 15,659 tonne CO 2 /h. Thus, the baseline intensities of bitumen and SCO range from 0.037 to 0.092 tonne CO 2 /bbl, respectively. The above values correspond to unconstrained CO 2 emissions in the oil sands industry. Table 4 shows the optimal energy infrastructures determined by the EOM at increasing CO 2 emissions reduction targets for oil sands operations in 2030. The first row is the baseline infrastructure, corresponding to a BAU scenario. The second row is an optimized baseline case, with identical emissions as the BAU case (i.e., no net CO 2 emissions reduction). Subsequent runs yielded optimal results at increasing CO 2 reduction levels. The maximum attainable CO 2 emissions reduction for this study was 38.6% with respect to the baseline. No combination of plants in the model can yield CO 2 reductions greater than the above value, even if CO 2 capture is implemented in all plants. The energy infrastructures reveal that power production without capture (NGCC and SCPC) is optimal at CO 2 reduction levels of up to 30%. As CO 2 reductions approximate their limit, only natural gas-fired power plants with capture (NGCC and Oxyfuel) are optimal, as seen in Table 4 . H 2 production via coal gasification is optimal for CO 2 reduction levels of 35% and lower. Above 35% CO 2 reduction, hydrogen via SMR with capture is the dominant technology, although some gasification plants with capture are present even at maximum CO 2 reduction. Some technologies were not selected by the EOM at any of the CO 2 reduction levels in the analysis (e.g., coal IGCC and coal oxyfuel). This indicates that their implementation would result in higher energy generation costs or emissions than the selected options, and thus, they are ruled out by the optimizer. The results are a function of the fuel costs and other techno-economic parameters used in the study. Improvements in a particular technology's costs or efficiency would potentially affect the composition of the optimal energy infrastructures shown in Table 4 .
Optimal energy production infrastructures
Optimal costs and emissions with CO 2 mitigation
The costs and emissions associated with the optimal energy infrastructures are shown in Table 5 . The first row contains the baseline values, which are not optimised (as they represent BAU operations). The second row shows an optimised case with identical total emissions as the baseline case. The results reveal that the energy cost of SCO in the baseline case can be reduced by 16%-18%, by optimising the energy production infrastructure, while keeping the energy production and emissions unchanged. Once CO 2 reductions are implemented, the energy costs escalate with respect to the "optimal baseline" values. However, compared to the BAU case, Table 5 reveals that modest cost savings, ranging from 9-18 percent, are possible for CO 2 reduction levels of up to 35%, with respect to the baseline. Above 35% CO 2 emissions reductions, SCO energy costs increase rapidly, by 20% at maximum CO 2 reduction. This increase is the result of a combination of factors: a) all plants have CO 2 capture, which increases the capital and operating costs, b) all plants are fuelled by natural gas, the most expensive fuel, and c) additional power plants are required to supply energy for CO 2 capture and compression, which further add to the capital costs.
The optimal implementation of CCS in oil sands operations in 2030 has the greatest impact on mined SCO. This product experiences the highest energy costs variations as the optimal energy infrastructure changes. From a mitigation perspective, mined SCO benefits the most from CCS integration, achieving a maximum CO 2 emissions intensity reduction of 46%, the highest among all products.
The impact of the optimal energy infrastructures with CCS on thermal SCO is less pronounced than on mined SCO. The maximum achievable CO 2 intensity reduction for the former is 38%, which results in an energy cost increase of 18%. In thermal bitumen extraction, the bulk of the energy required is steam for injection into the underground reservoir. In the EOM, CO 2 capture is not applied to steam generation processes. Thus, the maximum CO 2 intensity reduction of thermal SCO is more limited than that of mined SCO, which requires less steam. CCS implementation in power and H 2 plants has a minimal effect on bitumen. Even at maximum CO 2 reduction, the energy cost and CO 2 intensity of bitumen change by less than 3% with respect to baseline values. The reason for this is that over 90% of the energy for bitumen extraction is steam. Thus, capturing CO 2 in power and H 2 units has little bearing on the overall energy costs and emissions of bitumen, which are dictated chiefly by steam generation.
The cumulative CO 2 captured in power and hydrogen plants in the 2030 optimal energy infrastructures ranges from 6.9 ktonnes/h to 11.5 ktonnes/h. The CO 2 captured is a function of the CO 2 reduction level required and the technologies selected by the EOM. The increase observed between 0% and 35% CO 2 reduction is due to the increase in the number of coal gasification plants with capture. These plants generate more CO 2 per unit of H 2 produced, since the fuel is more carbon-intensive. At CO 2 reduction levels greater than 35%, the net CO 2 captured drops. This is explained by the observed switch from coal gasification plants to SMR plants with capture. The latter are less carbon-intensive than the former, thus less CO 2 needs to be captured to attain the desired emissions reductions.
CO 2 transport and storage impact on optimal costs
The breakdown of the SCO energy costs associated with the optimal energy infrastructures in the year 2030 is shown in Figure 1 . Energy conversion and CO 2 capture account for the bulk of the energy costs whereas CO 2 transport and storage combined contribute between 2.6% and 5%. In absolute terms, the cost of transporting CO 2 to the storage site, over a distance of 600 km, ranges from 30 to 70 cents per barrel of SCO produced. CO 2 storage adds an additional 30-60 cents per barrel of SCO. Transport and storage costs are slightly higher for thermal SCO than for mined SCO, ranging from 76 ¢/bbl to $1.24/bbl of SCO versus 63 ¢/bbl to $1.12/bbl, in the latter case. The impact of CO 2 transport and storage costs on bitumen energy costs are negligible, accounting for 0.2% of the total. We tested the sensitivity of energy costs to changes in transport and storage costs as well as transport distance. The analysis was performed at the maximum CO 2 reduction level (38.6%) for all products. Energy costs were decisively insensitive to variation in the above parameters. Doubling the transport costs resulted in an energy cost increase of 1.3%, whereas doubling the storage costs increased the price by 1.2%, on a per barrel of SCO basis. Similarly, doubling the transport pipeline distance yielded an SCO energy cost increase of merely 1.4%. Bitumen was completely unaffected by the above changes, for the reasons outlined earlier in section 3.3.
The sensitivity analyses revealed that in addition to negligible changes in energy costs due to CO 2 transport and storage cost increases, the optimal energy infrastructures did not change. The impact of CO 2 transport and storage on energy costs is insufficient to favour one capture technology over the rest. Fuel and capital costs of individual technologies are more influential parameters affecting the composition of the optimal energy infrastructures.
Conclusions
The EOM, an energy optimization model, provided insights on the financial and environmental impacts of integrating various energy and CCS technologies to oil sands industry operations in 2030. The optimal energy infrastructures presented here have great potential to achieve overall CO 2 emissions reductions of up to 39%, at the minimal (optimal) cost, with respect to a BAU baseline scenario.
The optimisation results reveal that energy cost savings between 9%-18% are possible up to a CO 2 reduction level of 35%. Achieving maximum CO 2 reduction (39%) causes an energy costs increase of roughly 20% (SCO) and 2% (bitumen). Mined SCO has the largest CO 2 intensity reduction potential (46%), followed by thermal SCO (39%). The CO 2 intensity of bitumen is constant for all CO 2 reduction levels. CO 2 transport costs for SCO account for 1-3% of its total energy cost while underground storage costs contribute 1-2.5%. For bitumen, transport and storage costs are negligible, representing 0.2% the total energy costs. Energy costs, as well as the optimal energy infrastructures, are largely insensitive to increases in CO 2 transport and storage costs, as well as transport distance. Doubling the above parameters resulted in a rise in energy costs of less than 1.5 percent.
Two final key conclusions can be drawn concerning the optimal energy infrastructures for 2030. Firstly, the technologies for power production most frequently chosen by the model are predominantly natural gas-based: NGCC, with and without CO 2 capture and oxyfuel. Supercritical coal plants without capture are only favoured at CO 2 reduction levels between 20-30%. Secondly, gasification-based technology for H 2 production (with and without capture) is optimal for CO 2 reductions in excess of 35%. H 2 production via SMR with CO 2 capture is imperative to achieve CO 2 reductions greater than 35 percent. This, however, results in a substantial SCO energy cost increase (20%), whereas CO 2 reductions of less than 35% can be attained with energy cost savings ranging from 9% to 18%, with respect to baseline values.
